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Abstract 
Tracking systems for parabolic troughs are already well designed for industrial processes, but the challenges can be 
different concerning small-scale low cost systems. Considering cost limitations, some flexibility and error margin on 
tracking accuracy may be tolerated, due to the imperfections of the parabola or the inaccuracy of the tracking. The 
objective of this study is to compute the efficiency losses when changing the sun rays incident angles and conclude 
about the error margin tolerable for a small-scale parabolic trough. Starting from an ideal case, the evolution of the 
trough efficiency regarding the tracking angle is observed in the plane perpendicular to the axis of a polar mounted 
trough. A ray tracer is used to simulate the illumination of the absorber. A simplified model for representing the 
angles of rays from the sun is suggested to take account of all the rays not being parallel. 
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1. Introduction 
The accuracy of the tracking of a solar concentrator is often a critical point [1]: a small error can lead 
to huge losses. For an accurate system, the issue is not critical and considering the rays parallel is a good 
approximation [2]. Simulations can be also made considering this point and lead to realistic results [3]. 
This hypothesis is globally admitted while working with a spot of rays coming from the sun, even for 
solar parabolic troughs [4]. But considering a low-cost solar cooker, the accumulation of small 
imperfections can also generate significant losses of energy and efficiency. A trough-based system is even 
more sensible to tracking errors, due to the small size of the image [5]. The rays of the sun are normally 
considered parallel for computations and ray tracing made in solar energy research [6]; the non-parallel 
rays gives a high limit for the theoretical possible concentration factor in concentrating systems. However, 
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the apparent diameter of the sun gives an angle of about 0.5°. A point of the earth oriented towards the 
sun can then see rays coming from a cone whose angle is the apparent diameter of the sun [5, 7]. The 
consequences of this approximation are in general negligible; but in some particular case, significant 
errors can be done.  
 
2. Preliminary work 
Considering a low-cost small scale solar parabolic trough, the considerations of perfect reflection of the 
rays is not suitable. Indeed, the inaccuracy of the parabola is then non negligible, and the tracking could 
sometimes be not precise enough to compensate these small defaults. The consequences of a tracking 
error, even below 1 °, can become a real challenge. Considering the rays of the sun parallel will lead, in 
certain cases, to different results than considering them coming from slightly different angles. The case 
study is a parabolic trough, 1x1.05m size, with a 2 cm-diameter pipe (Figure 1). 
 
 
Fig. 1. Small-scale low-cost parabolic trough with heat storage for cooking purposes 
3. Ideal case 
Starting from a parabolic trough, size 1x1.05 meter (Fig. 2), with an absorbing pipe of 0.5 cm diameter 
on the focal line of the trough, we can compute the path of the rays using a ray tracer. The simulation is 
done considering the trough perfectly oriented and the rays parallels. All the rays are then focusing on the 
focal line.  
  
Fig. 2. Ray tracing for a 1.05-m large parabolic trough, 0.5 cm diameter absorber, 0° inclination 
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For an angle of 0.5°, around half of the rays do not reach the absorber anymore (Fig. 3). 
  
Fig. 2. Ray tracing for a 1.05-m large parabolic trough, 0.5 cm diameter absorber, 0.5° inclination 
 
Fig. 4. Rays reaching the absorber as function of the tracking error (from 0 to 1°) 
 
By considering then a tracking error, the number of rays hitting the trough is decreasing. Fig. 4 shows 
the losses as the tracking angle deviates up to 1°. Fig. 4 shows the efficiency of the trough (proportional to 
the number of rays reaching the absorber) regarding the tracking error, considering all rays parallels. 
4. Modeling of the sun 
In the ideal case, 1000 rays were considered coming all parallel. The computation model gives then 
precise results for the ideal case. For the next computations, 1000 rays are considered coming from 3 
different angles, to take into account the solar angle; the intensity chosen for each angle is then weighted 
by a coefficient to fit with the solar angle. For the graphic representations, only 100 rays are represented.  
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Fig. 5. Discretization of the dish 
4.1. Average absolute angle of the rays from the sun 
Considering the sun as a dish, the distribution of the rays of the sun coming in a same plane is maximal 
at the center and null at the two extreme points. The weight of each slice of the dish is proportional to the 
area covered by that slice. If three slices are considered instead of one, the objective is then to distribute 
the rays so that we get a model as representative as possible. 
The origin of the angle is the middle of the sun. The intensity of the sun regarding the angle is 
described by the equation of the quarter of a circle, considering 0.53°of apparent angle, so 0.265° for the 
half angle, called D (D is then the half-diameter of the circle):  
 
 
 
where 1 is the maximum intensity, reached at the middle of the dish (x = 0). 
If we consider that the average angle of the rays of the sun is 0°, and the maximum +- 0.265 °, then the 
averaged absolute value of the angles of the rays is the ratio between the intensity weighted by the angle 
and the intensity, both integrated between 0 and the half-angle:  
 
 
 
The rays of the sun are seen by an average angle of 0.112° (in absolute value). 
 
1512   Maxime Mussard and Ole Jørgen Nydal /  Energy Procedia  57 ( 2014 )  1508 – 1515 
4.2. Distribution of the rays 
Instead of drawing all the rays parallels, they are then distributed by spots. The sun is then sliced in 
three parts, each part covers one third of the total diameter. To simplify, the calculations are done on the 
upper right quarter of the dish (Fig. 6). 
 
 
Fig. 6. Upper right quarter of the dish 
To calculate the average angle for the right third of the dish, the same formula than previously is used: 
 
 
 
The rays leaving the right third of the sun have then an average angle of 0.162°. It is easy to guess that 
they represent less than the third of the rays. Dividing the area of the right third by the total area of the 
circle (considering a full dish starting from the formula of an upper quarter), we get then:  
 
 
The right third represents then around 29% of the rays; by symmetry, the left third represents 29% as 
well. 
The central third represents then 42% of the rays. This weighting will be used in the next 
computations. We got finally: 29% of the rays seen by an angle of -0.162° from the center of the sun, 
42% seen by an angle of 0°, and 29% seen by an angle of +0.162° (Fig. 7). 
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Fig. 7. Comparison of the 2 models of the sun 
5. Correction of the ideal case considering three spots of rays 
Applying this model of the sun to the original model gives the following result. We can see on the 
Figure 8 the difference between the first model considering all rays parallels, and the second one 
considering some of the incoming rays with an angle of +/- 0.162°. 
 
 
Fig. 8. Rays reaching the absorber regarding the tracking error: comparison of the 2 models 
This difference can be observed by comparing the behavior of rays coming from different angles. For 
example, for an average incoming angle of 0.3°, the efficiency is then 93 % if all the rays are considered 
parallel; but with the new model, it is around 84 %, due to the weight of the rays coming from an angle of 
0.3°+0.162° in this case. 
Now, considering the two other spots: 100% of the rays coming from an angle of 0.3° - 0.162° reach 
the absorber; but only 54% of the rays coming from an angle of 0.3°+0.162°. 
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Fig. 9. Ray tracing for a 1.05-m large parabolic trough, 0.5cm diameter absorber, 0.3° inclination 
  
Fig. 10. Ray tracing for a 1.05-m large parabolic trough, 0.5cm diameter absorber, 0.3° - (a) and + (b) 0.162° inclination 
 
6. Influence of the diameter of the absorber 
Increasing the diameter of the absorber allows more freedom concerning the accuracy of the tracking. 
By taking a 2 cm-diameter absorber instead of 0.5 cm, the system will collect more rays for a given angle. 
For example, for the rays coming with a 0.8° inclination, all the rays join the absorber. 
 
 
Fig. 11. Ray tracing for a 1.05-m large parabolic trough, 2 cm diameter absorber, 0.8° inclination 
It is possible then to compute the efficiencies for different diameters of the absorber.  
The difference between the two models gets smaller when the diameter of the pipe increases. 
With a small pipe diameter, the difference can be up to 9 % (for a 0.3° angle). For the 2 cm-diameter 
pipe, the difference is not higher than 2 % for an angle of 1.1°. The data for pipes of 0.5, 1 and 2 cm 
diameter are then plotted (Fig. 12). 
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Fig. 12. Rays reaching the absorber regarding the tracking error: comparison of the 2 models for 3 different pipe diameters 
7. Conclusion 
The tracking must be precise concerning a parabolic trough. Increasing the diameter of the absorber is 
a solution to tolerate more tracking inaccuracy. Considering the rays of the sun parallels is often quite 
realistic, but in certain cases the precision of this modeling is not excellent anymore. Close to the critical 
angles, an error of 9 % concerning the efficiency can be made by considering the rays parallels. A 
simplified model which takes into account the apparent angle of the sun can provide an estimation of this 
imprecision. 
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